Introduction
In France, societal expectations for enhanced risk mitigation at hundreds of mining concessions and abandoned cavities (caused by surface subsidence or collapse, changes in surface and subsurface hydrology, water pollution, gas emission, etc.) have drastically changed since the late 1990s. The catastrophes that took place in 1996 and 1998 in a few cities affected by large-scale ground failures clearly posed a major challenge to both central and local authorities. These bodies then developed and introduced a coherent risk assessment and management strategy to deal with post-mining risks. This strategy relies on a complete step-by-step assessment of post mining risks at a national scale. Areas classified as having a high, or unacceptable, level of risk are then required to adopt a risk-reduction policy based on prohibiting construction and lowering the dangers associated with surface infrastructure and human activity. In many cases, the potential social and economic impacts require a monitoring of hazardous underground cavities. This consists of implementing early-warning systems to predict a disaster, and enable timely actions for public safety. Until now, in highrisk areas, the microseismic technique has been the most successful in providing very sensitive volumetric monitoring over extensive urbanized areas (Couffin et al., 2003; Senfaute et al, 2000) . However, the lack of any feedback from adequately-instrumented ground collapses has not allowed researchers to answer basic questions concerning early-warning signs and the mechanisms and dynamics of failure (Contrucci et al., 2010 ; Tastet et al., 2007) , although numerical modeling approaches have provided some insights into these issues (e. g. Bérest et al., 2008; Dris et al., 2008; Al Heib et al., 2001) .
It is in this context that the Cerville-Buissoncourt experiment was undertaken by the partners of GISOS, a scientific consortium including the government research organizations INERIS, BRGM, and LAEGO, in collaboration with the Solvay mining company. This experiment consists of the field monitoring of a solution mine in the Lorraine salt basin, south of Nancy, France (Mercerat, 2007; Driad et al., 2008) .
In this article, we briefly describe the field instrumentation deployed by INERIS between 2004 and 2009 . This comprises a SYTGEM multi-parameter system (Klein et al., 2008a) featuring high-resolution microseismic sensors combined with ground-surface monitoring.
Some preliminary results will then be presented, focusing on the complementary features of microseismic and subsidence measurements in enabling the description of the main stages of cavern development. A special emphasis on the collapse period (February 10-13, 2009 ) will help to identify the contributions of the multi-parameter approach to the management of ground instability. Finally, a preliminary analysis of the microseismic patterns observed before the collapse in terms of the completeness of the seismic catalogue and b-value will be presented.
Site description and geological setting
The Cerville-Buissoncourt site, in the Nancy salt basin, has been exploited by the solution mining method since 1997, using the channel and drilling technique (Figure 1-a) . The field is mined by dissolution, with water injection via two parallel, aligned well casings into the base of the salt deposit at a depth of some 280 meters. A 1 kilometer-long brine channel is created, leading to extraction wells placed downstream. This channel evolves progressively into a large cavern developing upwards. Once the cavern reaches the roof of the salt deposit, generally upstream, it advances by breaking through the roof, consisting of marls, until it reaches a critical stage. The overlying ground then collapses and a large crater appears on surface, with a lateral extension adjacent to the underground cavern (Figure 1-a) .
The geology of the site is characterized by a succession of sub-horizontal layers from the ground surface down to the salt deposit (Figure 1-b) . Four main geological facies can be distinguished: a first series of strata comprising a succession of marls, marly limestone, sandstone, and anhydrite marls, with depths ranging from 0 to 123 meters; an unfractured, relatively thin but very rigid stratum of dolomite and anhydrite (known as the Beaumont Dolomite) from 123 to 132 meters; and poorly-consolidated anhydrite marls ranging in depth from 132 to 200 meters. Finally, the salt deposit is encountered at a depth of ~ 280 meters. In the present case, the cavern geometry, initiated during the 2000-2003 period, was first evaluated using sonar measurements obtained by Solvay. At the end of 2004 the cavern roof was located at a depth of 183.5 meters (Figure 1-b) .
On one hand, the low mechanical strengths that characterize the strata overlying the Beaumont Dolomite indicate that it cannot play any significant role in the geological stability of the mine. On the other hand, the dolomite-anhydrite layer, which is characterized by a remarkable homogeneity, shows very high strengths (Nothnagel, 2003) . It is therefore generally accepted that the stability of the overburden is primarily controlled by this very rigid layer, i.e., a general ground collapse will be triggered by the failure of the Beaumont Dolomite.
Instrumentation layout
This expected ground-failure process led to the installation, in 2004, of a high-resolution microseismic monitoring network comprising nine permanent seismic probes, including four oriented three-component sensor. All probes were equipped with subminiature omnidirectional geophones with a clean response between 40 Hz and 1 kHz and preamplifiers to ensure a high signal-to-noise ratio. They were cemented into boreholes geometrically distributed over the site for optimal azimuth coverage, at depths ranging from a few meters to 125 meters. Note that the so-called M6 station was equipped with 3 probes spread in a single vertical borehole centered directly above the cavern, with the deepest probe (M6.3) located within the dolomite layer (Figure 1-b) . The 16-bit acquisition unit was set up to detect microearthquakes using a standard trigger algorithm based on the amplitudes of the incoming signals. The data were sampled at a frequency of 8 kHz per channel; they were automatically relayed to INERIS Nancy for real-time processing. 
Brief overview of the data processing and the precision of the measurements
The automatic on-line microseismic data processing was performed by the SYTMIS software.
It was parameterized on a routine basis included P-wave picking using an STA/LTA algorithm (Allen, 1982 ) and 3-D location of events based on the non-linear inversion method (Contrucci et al. 2010; Lomax and Curtis, 2001 ). In practice it was difficult to achieve reliable automatic on-line S-wave picking and thus improved 3-D location, although polarization analysis frequently demonstrated the presence of S-wave energy in the seismograms. This observation, which has already been made in other contexts (Spillmann et al., 2007) , requires further investigation. Moreover, the S and P phases may overlap on seismograms, thus making the automatic S picking impossible. This means that far-field assumptions were not always valid during the experiment. In addition, some seismograms did not show any S arrivals: in such cases it was therefore necessary to define a criterion for S-waves that were not automatically picked. For these reasons we chose not to use these S phases for automatic location.
The structure of the velocity model used in the location algorithm was obtained from a seismic profile acquired on the site (Piwakowski et al., 2006 ; Suffert, 2006) : it comprised 3 layers, whose P-wave velocities were determined by re-locating a series of calibration blasts carried out on surface in 2005. The discrepancies between the known and calculated positions of the blasts were then minimized by considering: (1) the first series of geological strata, from 0 to 123 meters deep, with average P-wave velocity taken as 3000 m/s; (2) then from 123 to 132 meters depth, for the dolomite layer, the P-wave velocity being taken as 5000 m/s; (3) from 132 meters onwards, for the marls and salt formations, the P-wave velocity being taken as 4000 m/s. When considering P-wave arrivals as the only input data to the location algorithm, the re-location error is around 12 meters. The 3-D location error may however reach 60 meters because the geological structure overlying the cavern had dramatically changed between the beginning of the experiment and its end, undoubtedly leading to high contrasts in the seismic velocities. However, even if this paper does not attempt to provide a complete analysis of the microseismic data set, some general characteristics of the recorded events will be presented.
Finally, concerning the surface-displacement measurements, no particular data processing was necessary. In fact, the accuracy of +/-5 mm for the GPS-RTK measurements that was obtained as a consequence of the short inter-receiver distance and the high stacking rate was sufficient for a detailed analysis (see next paragraph). The data collected by the tacheometer, although strongly sensitive to meteorological variations, showed a similar precision for the closest targets when applying a simple moving average to a few measurement cycles. At that point, a decision was made to permanently close all surface access to the zone, even though no significant subsidence had been observed. At that time, the upper portion of the geological sequence was nevertheless showing a rather stiff elastic response. However, it was found that the cavern had reached critical size, based on numerical modeling considerations and expert advice (Mercerat, 2007) . During the first day of pumping, neither significant microseismicity nor surface subsidence could be observed. The impact of the lowering of the brine level began to take effect at the end of the second day with a sudden acceleration of the microseismic energy release rate, indicating more than 1,500 events in one hour (Figure 3-a) . This microseismic swarm coincided with a dynamic rise of 9 meters in the brine level and marked a change in the subsidence regime (Figure 3-b) , whose velocity then reached ~0.2 cm/h. Beyond that stage, the sustained microseismic activity increased rapidly, more steeply than during any other period. From that point on, the pumping regime was not powerful enough to compensate the rise in the brine level at the extraction wells, owing to the pressure applied to the system by the overburden. The major activity peak occurred early on the third day, when the cumulative subsidence reached ~0.40 meters, with an instantaneous velocity of 2.5 cm/h. This initially coincided with loud acoustic noises heard on site, and later on with the breakdown of the microseismic probe installed in the Beaumont dolomite layer at a depth of 125 meters. These observations, along with on-line 3-D location results (Figure 4-b) show that this major activity peak is related to the overall failure of the Beaumont dolomite layer. This major peak was then followed by an acceleration in the subsidence rate, which ultimately reached 1 meter per hour. Less than 24 hours later, the ground surface collapsed, forming a crater ~ 150 meters in diameter.
More than 30,000 events were recorded during the last four days preceding the collapse. The last GPS measurements, during the ground collapse and flooding of the zone, indicated a cumulative subsidence of more than 4 meters in the center of the area (Figure 3-b) .
Preliminary analysis of the microseismicity patterns observed before the collapse
The frequency-size distribution of the events, i.e., the Gutenberg-Richter (Gutenberg and Richter, 1954) 
where N(>E) is the number of events of energy larger than E, and b is a constant known as the b-value.
Here, to reach the maximum completeness of the catalog, the average energy recorded by two 3-D probes (M3 and M5) located about 150 m from the center of the cavern is considered.
The energy is not corrected by using the event-sensor distance to take into account nonlocalized events (a large amount of data is still being processed). The average energy at the two selected probes also helps to compensate for the attenuation effect which may produce a bias in the event-size distribution and the b-value estimation, as shown by Weiss (1997) .
Indeed, the same author shows that if a power-law distribution is observed on a reasonably large range of magnitudes with a b-value lower than 3, this b-value is representative of the original distribution (Weiss, 1997) . This is the case for the data set considered here: b-values are not greater than 0.9 and all microseismic events ( Figure 5-a) at two different probes. An apparent b-value can then be deduced using this approach (Amitrano et al., 2005) .
Variations of the apparent b-value with time were calculated using a sliding window of 100 events shifted by 10 events on a sample of 1,030 microseismic events ( ( 2) where dN(t)/dt is the event rate, and t p1 the time of the first peak. The power law obtained fits the data with a correlation coefficient of R 2 = 0.75.
Conclusion
On preliminary analysis, the complete data set recorded during the Cerville-Buissoncourt experiment made it possible to follow the main stages in the evolution of the solution mine.
Early signs of unstable development were detected by high-resolution microseismic monitoring during the spring of 2008: a shift in the microseismic background regime as well as recurrent microseismic episodes were associated with a general process of rock failure caused by the cavern growing upwards. This was accompanied by a few episodes of massive roof falls, with no ground-surface movement detected. During a second and final stage of development, which lasted three days, the cavern collapse was triggered by brine pumping. Three main microseismic regimes were then observed, each being well correlated with changes in both the surface subsidence rate and the brine level in the cavern. The first peak of activity, once again due to massive roof falls below the Beaumont dolomite layer, also initiated the brittle rupture of this bed. The second and major peak of activity marked its rapid and high-energy failure; it also corresponded to an acceleration in the subsidence rate. The last activity peak, a few hours later and weaker in terms of number of events and energy released, marked the final collapse.
The complete dataset confirms the major role of the Beaumont dolomite layer in the site's stability. In addition, while the preliminary analysis of the microseismicity patterns immediately before the general collapse confirms that the acceleration in the microseismic activity follows a power law, it also shows that the b-value is a complex marker in such a context. Although local falls in the b-value correlate well, as expected, with local increases in the release of microseismic energy, it seems inappropriate to use it for forecasting purposes:
over a short period of time, several b-value decreases are observed while a continuous pumping regime is being applied to the system. It appears that variations in the b-value do not show a clear precursor pattern, as observed in other case-studies (e.g. Amitrano et al., 2005 ; Urbancic et al., 1992 ; Scholz, 1968) . Nevertheless, further investigations covering the various stages of cavern development, including the collapse period, are needed to confirm this preliminary result. 
